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The organization of correlated electrons in the Hidden Order (HO) phase of intermetallic URu2Siz
is a longstanding mystery. In this work, we study the electronic symmetry by mapping the lattice and
magnetic excitations via inelastic neutron and x-ray scattering measurements in the HO and high-
temperature paramagnetic phases. The HO phase emerges from a highly-directionally correlated
paramagnetic phase that gives rise to anisotropic bulk properties. However, at all temperatures the
excitations respect the zone edges and symmetries of the body-centered tetragonal paramagnetic
phase, showing no signs of reduced lattice symmetry even in the HO phase. Moreover, the magnetic
excitations trace the experimentally determined Fermi surface, and their evolution with temperature
marks them as a direct signature of itinerant correlations. At the HO phase transition, the opening
of energy gaps in the magnetic excitations reflects a change in the hybridization of the many-body

correlated state.
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The underlying cause of a large entropy change at
the Hidden Order (HO) transition temperature Tyo =
17.5 K in URusSis remains a mystery, despite many ex-
perimental and theoretical developments over more than
a quarter century since its discovery [1-3]. The HO phase
develops out of a complicated correlated electronic para-
magnetic state built of interacting itinerant and localized
uranium f-electron states. Moreover, it is unstable to
an unconventional superconducting ground state. Iden-
tifying the HO parameter is among the most persistent
and thought-provoking challenges facing condensed mat-
ter physics.

Experiments cannot conclusively identify a symmetry-
breaking order parameter to account for the configura-
tional change measured at the ordering temperature. The
shape of the specific heat anomaly at Tyo resembles the
second-order Bardeen-Cooper-Schriefer superconducting
transition, suggesting that an energy gap is created in
the itinerant electron states [1, 2]. Spectral gaps are also
observed in optical [4] and electron tunneling measure-
ments [5-7], but these features develop at temperatures
greater than Ty, so it is likely that these gaps are as-
sociated with the development of local-itinerant electron
correlations starting as high as 80 K. As to the nature
of the order parameter, early neutron diffraction identi-
fied A-type antiferromagnetic (AFM) order below Tho,
but the small measured moment is incompatible with the
large entropy release [8]. This sample-dependent mo-
ment actually arises due to defects [9, 10] that stabi-
lize puddles of an inhomogeneous large-moment antifer-

romagnetic (AFM) phase [11, 12], which evolves into a
bulk phase above a first-order phase transition at 0.8 GPa
[13]. Any ordered moment intrinsically associated with
the HO phase must be very small [14-16]. Similarly, x-
ray diffraction measurements indicate that there is no
change in crystal symmetry through Tyo [17]. Nonethe-
less, experiment [18, 19] and theory [20-24] continue to
suggest that the HO transition involves a reduction of
lattice symmetry.

To look for signs of incipient symmetry-breaking,
we measured the magnetic and lattice excitations of
URusSis in the HO and paramagnetic phases to ener-
gies as high as 30 meV across much of reciprocal space.
Temperature-dependent magnetic scattering is sensitive
to the development of electronic correlations below 80 K,
which yield overdamped paramagnetic excitations across
reciprocal space. Anisotropy is clearly evident in the in-
plane magnetic scattering intensity as well as the disper-
sion of the lowest energy optic phonon modes. The HO
phase emerges out of a correlated electron state with an
underlying directional preference, which is likely inher-
ited from the anisotropy of localized uranium f-orbitals.

However, our study demonstrates that neither the
magnetic nor lattice excitations violate the symmetry of
the high-temperature paramagnetic phase, contrary to
prevailing ideas that the HO phase shares the broken
lattice symmetry of the pressure-induced AFM phase.
Our data are inconsistent with theories invoking a pri-
mary uranium-based antiferromultipolar order parame-
ter. The magnetic excitations follow the shape of the



experimentally-determined Fermi surface [25], indicating
that they are direct signatures of hybridization with the
f-states. Our results neatly demonstrate the dual itiner-
ant/local electron nature of the HO phase and the corre-
lated electron state from which it emerges.

Experiment

Measurements were performed on a 7 g single crystal of
URusSis that was synthesized via the Czochralski tech-
nique in a continuously-gettered, tetra-arc furnace and
subsequently annealed. Inelastic neutron scattering mea-
surements were carried out on the BT-7 thermal triple
axis spectrometer at the NIST Center for Neutron Re-
search [26]. Temperature was controlled by a closed-cycle
refrigerator. Inelastic scans were measured at constant
wavevector () and varying energy transfer E. Typical
scattering conditions were 50’ - 25’ - 50’ - 120’ collima-
tion with 14.7 meV final energy. Energy resolution was
approximately 1.2 meV full-width-half-max at the elas-
tic position. Data were collected in both a — a (basal)
plane and a — ¢ plane geometries. Polarized neutron scat-
tering measurements were performed using a 3He-based
apparatus [27] with open - 50’ - 80’ - 120’ collimation, a
vertical guide field, and 14.7 meV final energy. An ini-
tial flipping ratio of 60 was determined from the nuclear
(2,0,0) reflection.

Time-of-flight inelastic neutron scattering measure-
ments were performed on the NG-4 disc-chopper spec-
trometer at the NIST Center for Neutron Research [28].
Temperature was controlled by a closed-cycle refriger-
ator. The instrument was run in low-resolution mode
with incident energy 13.09 meV (wavelength 2.5 A) and
scattering in the a — a plane. Data were collected over
180° of sample rotation. Energy resolution ranged from
0.77 meV at elastic scattering to 0.4 meV at 10 meV
transfer. Data analysis was performed using the DAVE
software suite [29].

Inelastic x-ray scattering measurements on a single
crystal with lateral dimensions 0.3 mm and thickness
0.015 mm were carried out on the HERIX beamline at
Sector 30 of the Advanced Photon Source using 23.7 keV
incident energy photons, with an energy resolution of
1.5 meV. Approximate x-ray spot size on sample was
35 x 15 um?. A pressure of 2.0 GPa was applied via
a diamond anvil cell using a 4:1 methanol /ethanol pres-
sure medium, while temperature was controlled using a
helium flow cryostat. Ruby fluorescence was used for
manometry. Measurements were performed along the
(h, h,0) direction.

Throughout this paper, error bars associated with
measurements correspond to one standard deviation un-
less otherwise noted. Error bars not plotted are smaller
than the plotted points.

Overview

A summary of the low-energy magnetic and lattice ex-
citations in the HO phase, as determined by both neutron
and x-ray scattering, is presented in Fig. 1. For orienta-
tion, a reciprocal space map of the body-centered tetrag-
onal (BCT) lattice of URuySis shows the Brillouin zone
(BZ), and identifies the high-symmetry points and lines
along which the dispersions have been plotted. Points of
particular interest are BZ center I', horizontal face center
X, vertical face center Z and horizontal edge center X, as
well as corners Y of horizontal zone faces. Historically,
these reciprocal-lattice points have been labeled using a
simple tetragonal (ST) coordinate system, such that Z
= {1,0,0} and £ = {¢1,0,0} where ¢; = $(1 + %2) ~ 0.6.
Note that the horizontal path I'-¥ extends to Z, which
sits on the vertical zone boundary between adjacent BZs
that are offset along the c-axis. When discussing direc-
tions, we remain consistent with the literature and refer
to the a = (1,0,0) and ¢ = (0,0,1) axes of the ST unit
cell with lattice parameters a = 4.13 A and ¢ = 9.58 A.

Figure 1 shows the reduced wavevector ¢ and E de-
pendence of the excitations in URusSis. The in-plane
directions are designated a; and as to distinguish longi-
tudinal from transverse polarization, respectively. Note
that on the left side of the dispersion plot, a; rotates by
45° to remain parallel to the radial direction and main-
tain the conventional definition of longitudinal and trans-
verse polarizations along the I'-Z and Z-X directions, as
indicated in the plot. Magnetic excitations are consistent
with previous studies, and new branches have been iden-
tified along several previously unpublished directions, in-
cluding I'-X.

Given the complexity of the excitation spectra, we first
address the magnetic and lattice excitations separately.
Then we discuss the implications of these excitations to
the thermodynamics, the electronic structure, and the
symmetry properties and nature of the HO phase itself.

Magnetic excitations

The most prominent features of the magnetic excita-
tion spectrum are E' minima at the Z and ¥ points of the
BCT BZ. The former is commensurate with the crystal
lattice, while the latter is incommensurate. The com-
mensurate point corresponds to the AFM ordering vec-
tor and features the smallest energy gap. However, unlike
typical low-F transverse magnons, the magnetic excita-
tions in URu5Sis are longitudinal, with a spin orientation
along the out-of-plane magnetic easy axis of the system.
The analogy to magnons is ultimately challenged by the
lack of magnetic order in the HO phase. Meanwhile, the
magnetic excitations at ¥ feature a larger energy gap,
but its opening can quantitatively account for the entropy
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FIG. 1. Phonon and magnetic dispersions in the URu2Siz hidden order phase. High-symmetry paths in the Brillouin zone of
the BCT unit cell correspond to the wavevectors plotted on the right. Colors correspond to the phonon polarization ¢ and
shapes delineate different modes. The lowest-energy in-plane longitudinal optic LO; phonon modes are strongly anisotropic
between the I'-X and I'-¥ directions. Magnetic excitations are delineated by orange triangles. A new branch of higher-energy
magnetic excitations is identified along the I'-X direction. Lines are guides to the eye. Displacements in reciprocal space £ are
given in terms of reduced simple tetragonal coordinates. Longitudinal I'-X phonons were measured at 4 K.

change at Tho [30]. Subsequently, several proposals have
identified ¥ with Fermi surface nesting, although conven-
tional density wave order appears to be inconsistent with
experiments [7, 31].

The Hidden Order phase

The measured magnetic excitations along important
reciprocal space directions are shown in Fig. 2, in which
a smooth extrapolation to a 12-15 meV intercept at T’
is included (dashed lines). Thus the spectrum is de-
fined everywhere in reciprocal space, even though mag-
netic excitations are not observed experimentally above
10 meV. This picture represents a simple interpretation
of the measured excitations, assuming that all should be
treated as part of a continuous dispersion. The appre-
ciable coverage of reciprocal space by our measurements
allows a confident numerical interpolation of the disper-
sion over the entire BZ, from which a magnetic density
of states (DOS) can be calculated, shown to the right of
the dispersion in Fig. 2. The extrapolated higher-FE exci-
tations do not contribute appreciably to the overall mag-
netic DOS because they occupy a small fraction of the
BZ. For similar reasons, the low-E excitations near Z also
contribute negligibly to the magnetic DOS. Compared to
the spin-wave model originally proposed by Broholm and
coworkers [32], there are several differences. First, the
experimental DOS from our measurement has a strong,

relatively narrow peak at about 7 meV, which is in better
agreement with that found in the real part of the optical
conductivity [4], strengthening the argument that there is
important spin-charge correspondence in URusSis. Sec-
ond, there is no spectral weight above 10 meV in our
measured data, and it is negligible in the extrapolation.
For example, a smaller intercept at I' would result in
an area-conserving slight downward shift and modest in-
crease in the higher-energy DOS that would not affect
our conclusions. As Figure 3 shows, the measured mag-
netic excitations primarily have energies between 6 and
8 meV, which is not captured by the spin-wave model.
Rather, this narrow bandwidth is most consistent with
magnetic excitations deriving from a quasi-localized elec-
tronic state that disperses due to hybridization with itin-
erant electrons.

The magnetic dispersion in the HO phase is strikingly
anisotropic in the tetragonal basal plane. It is mapped
in Figure 3a, which is composed from the energies of
maximum inelastic magnetic intensity determined from
numerous constant-@) scans and plotted in a symmetrized
reduced zone scheme. Consistent with previous reports,
the global minimum with a value of 1.8 meV is found at
Z, while a broad local minimum with a value of 4.8 meV
is centered at . The local minimum at X is fairly sharp
along the I'-Z direction (see also Fig. 1), but its disper-
sion in the perpendicular in-plane ¥-Y direction is much
weaker. This difference arises from BCT symmetry, be-
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FIG. 2. Magnetic excitations in the HO phase. a) Dispersion
of magnetic excitations at 2.6 K and b) corresponding mag-
netic density of states (DOS). At energies above 10 meV, the
dotted lines represent smooth extrapolations towards I'; no
magnetic excitations are actually observed at these q. The
narrow bandwidth of the excitations reflects their origin in a
hybridized f-band.

cause ¥ sits on the zone boundary (heavy black lines in
Fig. 3) separating one BZ from the shared top/bottom
face of its immediate neighbors (see Fig. 1 for a 3D view).
Thus the perpendicular dispersion tracks a zone edge
mode extending to the square corner Y. To quantify the
asymmetry, we treat the dispersion as purely quadratic
near X for simplicity: the coefficients are 523 + 27 meV-
A? towards T' and 93 + 2 meV-A? towards Y (Fig. 2).
There is no symmetry relating the ¥-I' and ¥-Z direc-
tions, but the excitations are roughly symmetric within
0.1 reciprocal lattice units (r.l.u.) ~ 0.15 A=! of . The
magnetic excitations thus form a symmetric trough along
the ¥-Y zone edge. This trough remains recognizable, al-
though shallower and having higher E, halfway between
3 and Y (see Fig. 4b for detail). Near the corner Y,
the trough turns slightly inward toward Z, and the local
minimum sits 0.15 r.l.u. off of Y. This structure remains
well-defined, with the sharpest excitations at the trough
minimum, as seen in Fig. 4a,b. As the excitations leave
the vicinity of the zone edge, they broaden and become
poorly defined, except in the vicinity of the X point.

The magnetic dispersion in the vicinity of X has re-
ceived little attention since early work by Broholm et
al [32]. Approaching X, the magnetic excitation energy
increases, but here the excitations remain well-defined.
The path Y-X traverses a zone edge, tracing a line across
a face shared by adjacent BZs. In the perpendicular di-
rection X-I', the magnetic excitations disperse initially
downward and then upward in F, hitting a local mini-

a,(rlu.)

c(rlu.)

a, (rlu)

FIG. 3. Magnetic dispersion in the HO phase in a) the basal
plane and b) the a-c plane. The energies are identified in the
color bar. Minima exist at the Z and ¥ points and the mag-
netic excitations are experimentally unobserved in proximity
to the I" point. In a) it is apparent that the excitations near
the Z and especially the ¥ minima disperse anisotropically.
In b) the dispersion is more circular or ellipsoidal about the
minima. Along both projections, the magnetic excitations
trace the boundaries of the BCT reciprocal lattice (in heavy
black). For reference, dotted lines represent the ST lattice
of the AFM unit cell. Magenta points denote the ¢ at which
the excitations were measured. Data were tesselated to create
the 2D plots and c-axis dispersion data near ¥ from Ref. [30]
were used to fill in figure b). Note that these are not intensity
plots.



mum approximately i of the way towards I' (Fig. 4c).
The magnetic nature of these excitations, which are sim-
ilar in E to the phonons at X has been confirmed via
polarized neutron scattering (Fig. 5). These data dis-
tinguish the magnetic and lattice excitations in Fig. 4c,
and are consistent with the inelastic x-ray scattering dis-
cussed later. The magnetic excitations become poorly
defined farther away from the zone boundary and are
impossible to track past a point halfway toward I'; where
their E becomes comparable to that of the phonons
(Fig. 1,4c). A similar intensity loss is found along the
I'-¥ and I'-Z branches (Fig. 1), such that the dispersions
near I' in any direction remain experimentally undefined.
The intensity loss of the magnetic scattering at small
g might be due to an AFM-like structure factor, with
the caveat that there is no actual long-range AFM or-
der to cause this. A second possibility is strong damping
from magneto-acoustic coupling where the phonon and
magnon ¢ and E become comparable (Fig. 1) leading
to increased scattering that shortens the magnetic exci-
tation lifetimes. Alternatively, as 10 meV kg =~ 120 K
(where kg is the Boltzmann constant), this F scale might
constitute a cut-off for excitations of the correlated elec-
tron state. Yet, the magnetic excitations seem to ap-
proach 10 meV without disappearing at other ¢, includ-
ing near X. Before addressing this discrepancy, we first
focus on the magnetic excitations near Z.

The Z point has long been a focus of study. It is a
marker of broken lattice symmetry because Z becomes
equivalent to I' when BCT symmetry is reduced to ST,
as is known to occur in the pressure-induced AFM phase.
Even though the presence of long-range magnetic order
in the HO phase is now in doubt, a lattice-symmetry re-
duction is still widely suspected as a feature of the HO
transition. The Z point also stands out because it is the
location of the smallest energy gap. The excitations at
Z are intense and long-lived, as noted in many previous
studies [30, 32, 33]. However, the excitations broaden
and become hard to track beyond only about 0.1 r.l.u.
away. Such an intensity drop is clearly observed along
the Z-X direction (Fig. 4a). To better visualize this in-
tensity drop and to demonstrate that it is not simply the
result of lifetime broadening, the integrated intensity is
plotted in Fig. 4d. Along the Z-X cut (path a) the mag-
netic intensity clearly drops by an order of magnitude
within a small g-window about Z. Continuing towards Y
the intensity once again increases until it reaches a max-
imum when it joins the trough near the BZ edge. These
variations suggest that the magnetic excitations at Z are
distinct from those at the zone boundary [30]. Indeed,
the excitations respond differently to experimental tun-
ing: applied pressure opens the energy gap at ¥ and
closes the gap at Z [33], and Re substitution selectively
suppresses the excitations at Z [34].

The excitations in the a — ¢ plane are shown in Fig. 3b.
They are consistent with earlier inelastic neutron data
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FIG. 4. Intensity variation of the magnetic excitations along
selected basal-plane directions in the HO state as measured
via inelastic neutron scattering. Intensity contours a)-c) were
built from E scans at constant Q. a) Along the Z-X line the
most intense magnetic scattering is observed in the vicinity of
local minima in the dispersion. b) A 45° cut away from path
a) yields an intense local minimum near the zone boundary.
¢) The magnetic excitations along X-I" are almost degenerate
with the LA phonon but have a local minimum. Orange trian-
gles and lines correspond to magnetic excitations, while green
lines correspond to phonons. d) The integrated intensities of
the magnetic excitations in a)-c) show that along the Z-X line
that there is a precipitous drop in intensity quite close to the
Z point, implying that the AFM dispersion is distinct from
the ¥-Y zone edge modes. Maximum intensities of a) and b)
are comparable, but c) is much less intense. Gray lines are
guides to the eye. Uncertainties derive from least squares fits
of Lorentzian lineshapes to magnetic peaks.

[30], but the reciprocal space dimensions are shown to
scale to highlight the isotropy of the excitations. We
first focus on the ¥-centered dispersion, which is roughly
isotropic in the a — ¢ plane, in contrast to the anisotropy
in the basal plane. When compared to an overlay of the
BCT reciprocal lattice (black lines), the correspondence
between the lattice edges and the magnetic excitations
is obvious, as the X-centered excitations are stacked in
a vertical zig-zag. We emphasize that these excitations
do not respect ST symmetry. Focusing on the Z-centered
excitations, in this view it is clear that they disperse more
strongly along ¢ than a. The magnetic excitations of the
HO phase are confined to the BCT BZ faces. The trough
structures are reminiscent of the scattering expected of
previously proposed orbital currents [35] that were ex-
perimentally discounted [36], but they are not circular
and they are well removed in F from the elastic line.
This coincidence is likely accidental because, as we dis-
cuss later, the excitations bear a remarkable similarity to
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FIG. 5. A comparison of unpolarized and polarized inelastic
neutron scattering along the X-I' direction. In the unpolar-
ized neutron data, both LA phonons and magnetic excita-
tions are seen. The lower-energy mode at Q = (1.8,1.8,0)
is a forbidden c-polarized TA phonon. Only coherent mag-
netic scattering causes a reversal of the neutron spin, and
here the spin-flip polarized scattering clearly shows a well-
resolved peak at X that disperses and weakens approaching
I', demonstrating that this scattering is purely magnetic in
origin.

the electronic structure.

Magnetic anisotropy

To assess the spatial distribution of the magnetic mo-
ments in URuySis, we measured the form factor of the
inelastic magnetic scattering, the square of which modu-
lates the intensity. Earlier polarized neutron diffraction
measurements in the paramagnetic phase at a relatively
high temperature of 60 K showed that the basal-plane
magnetic form factor is isotropic, with values consistent
with scattering from either free-ion U+ or U*T moments,
which are experimentally difficult to distinguish [37]. The
basal plane is perpendicular to the magnetic easy axis,
whose bulk magnetic susceptibility also reflects the full
free-ion U3t or U*t moment at high temperatures [1].
Although the susceptibility deviates substantially from a
Curie-Weiss law below 100 K, the previous form factor
measurement implies that the electronic configuration re-
mains similar to that of a free uranium ion.

Interestingly, our data show that this isotropy does
not persist into the HO phase. At low temperatures the
form factor of the magnetic excitations exhibits a marked
anisotropy between the I'-¥ and ¥-X directions. Fig-
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FIG. 6. Inelastic magnetic form factor for excitations at X
(9.1 meV) and ¥ (4.8 meV) and related points measured via
inelastic neutron scattering. The ¥ intensities at this en-
ergy have relatively weak ()-dependence consistent with well-
localized 5f moments, whereas the intensities at X have a
strong (Q-dependence, reflecting the much larger spatial ex-
tent of these correlated electrons. The intensities along the
(£,€,0) direction (open circles, solid arrows) collapse to a com-
mon curve. In contrast, the intensities along perpendicular
directions (dashed arrows) decrease dramatically faster than
either form factor, demonstrating the additional presence of a
magnetic structure factor that modulates the intensities due
to interference in the scattering. Filled circles correspond
to symmetrically equivalent points at different @, whereas
open circles correspond to deviations towards high-symmetry
points indicated near the corresponding arrows. For refer-
ence, the ¥ and X intensities are fit to U and Ru form fac-
tors, respectively. Error bars represent least-squares fitting
uncertainties.

ure 6 shows that the Q-dependence, denoted as sind/\,
of the integrated magnetic scattering intensity at the X
points (solid green circles) varies weakly over the mea-
sured range of reciprocal space, consistent with scatter-
ing from U3T or U%t. Because the real-space magneti-
zation density is the Fourier transform of the magnetic
form factor, the gentle ()-dependence is consistent with
spatially localized f-states and corroborates earlier con-
clusions based on both magnetic diffraction[32] at Z and
inelastic magnetic scattering at ¥ [36]. In contrast, the
magnetic integrated intensity at the X points (solid gold
circles) reduces much more quickly at larger (), essen-
tially disappearing by @ = (2.5,1.5,0). This sensitive
@-dependence indicates a spatially extended magnetiza-
tion density, and is slightly sharper than the form factor
of Ru™. Thus along certain directions, the magnetization
density, which stems from the f-states, is actually more
reminiscent of larger d-states.

Magnetic form factor anisotropy is observed in transi-
tion metal elements and alloys [38], arising from the re-



distribution of electrons due to itineracy, bonding [39], or
crystal field effects. Although form factors are typically
studied via magnetic diffraction, looking at the inelas-
tic magnetic scattering has, for example, yielded insight
into electron hybridization in cuprates [40]. In the case
of URusSis, the form factor anisotropy is a characteris-
tic of the magnetic excitations, which are strongly tem-
perature dependent. The anisotropy likely emerges at
temperatures lower than 60 K [37], and is a signature of
the electronic correlations. Retreating from the X-point
excitations along (£,&,0) (Fig. 6 open gold circles), the
intensities fall on the same form factor curve, as would
be expected of paramagnetic excitations, a detail that is
consistent with the lack of static dipolar order in the HO
phase.

Yet other, additional intensity modulation must be
associated with the HO phase itself. It is relatively
straightforward to find counterexamples of the aforemen-
tioned paramagnetic form factor along other directions,
as shown in Fig. 6: along the paths (-£,£,0) away from X,
and (-£,0,0) away from X, which both feature decreasing
intensity but increasing ). This behavior indicates that
the magnetic intensity in the HO phase is modulated by
an additional effective dynamic structure factor, due to
long-range correlations that are typically a feature of a
magnetically ordered phase. As with magnetic form fac-
tors, magnetic structure factors are often experimentally
determined through elastic magnetic diffraction, which is
impossible in this case because there is no intrinsic dipo-
lar magnetic structure in the HO phase. Even so, it is
possible to consider the simple AFM structure stabilized
by pressure, whose spatial symmetry is assumed by many
to be shared with the HO phase. The experimentally-
determined intensity modulation, particularly the rapid
decrease near Z (Fig. 4) and increase near ¥ and Y is
inconsistent with that simple AFM structure.

Temperature dependence

Upon cooling, hybridization increases between the lo-
calized uranium f-electron states and the itinerant con-
duction electrons, introducing new states into the con-
duction band. In the bulk properties, this behavior is
evident over the range of 60-80 K, where the electrical
resistivity and magnetic susceptibility have their maxi-
mum values [1, 3], as does the 1 (c11 —c12) elastic constant
[41]. This temperature range is higher than that associ-
ated with the opening of a gap in the electronic DOS [7]
in the paramagnetic phase at approximately 30 K [4, 6],
although this does not preclude a common physical ori-
gin. In fact magnetic excitations have been tracked to
temperatures as high as 100 K via inelastic neutron scat-
tering [30, 32].

Our measurements demonstrate that at high temper-
atures, the magnetic spectrum consists of overdamped
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FIG. 7. Temperature dependence of the magnetic excitations
at different points illustrates that high-temperature paramag-
netic excitations exist across the BZ and evolve similarly as
a function of temperature. At 80 K, the hybridization of f-
electrons is apparent at the X point where overdamped mag-
netic excitations mask weak scattering from the LA phonon.
Upon cooling, low FE excitations develop and narrow into
peaks as Tuo is crossed. The higher-energy excitations are
phonons, as indicated. The LA phonon at X is only resolved
at intermediate temperatures.

modes situated across much of the Brillouin zone, not
just at select locations in reciprocal space such as ¥ [30].
A comparison of the temperature dependence of the in-
elastic neutron scattering data at different parts of the
BZ at 80 K and below is shown in Fig. 7. At ¥, the
strong and well defined magnetic excitation in the HO
phase becomes severely broadened just below Tyo and
quasielastic above. Similar behavior is also clearly ob-
served at Z; due to the much smaller minimum energy
gap, a proximate () point is shown in Fig. 7 to emphasize
the temperature evolution, although intensity at low FE
is significantly lessened (compare to the intensity at Z in
Fig. 8). At the X point, a prominent low temperature
peak splits in two upon warming. This seemingly unusual
behavior is the result of an accidental near-degeneracy
of the magnetic excitation (Fig. 5) and the LA phonon
at low temperatures. Upon warming, the magnetic ex-
citation broadens and moves to lower energy, while the
phonon does not shift in energy. However, the phonon is
relatively broad, and cannot be resolved in the 80 K data,
which hints that it is also affected by the electron corre-
lations. As we discuss below, this phonon is well-resolved
in the inelastic x-ray scattering data at both high and low
temperatures. This fact suggests that X is important to
electron hybridization, and the temperature-evolution of
the magnetic scattering there is consistent with an en-
ergy gap opening at temperatures greater than Tyo -
note that at 20 K the magnetic peak is already centered



at 6 meV, although it is very broad. Broad quasielas-
tic magnetic scattering is also observed along the X-T'
direction (not shown).

The character of the magnetic scattering is well demon-
strated by time-of-flight inelastic neutron measurements,
as shown in Fig. 8. Figure 8a) shows a contour plot
of the scattering integrated from 2-8 meV at 25 K, well
above Tyo. The magnetic excitations strikingly trace
the BCT BZ boundary, overlaid on the plot. Figures 8b-
d show the E-dependence along high-symmetry cuts, in
which the magnetic excitations appear as vertical stripes
sharply defined in @ at vectors ¥, X, Y, and Z. Most
easily discernable in the intense scattering at X, scatter-
ing at this temperature is consistent with overdamped
quasielastic diffusive excitations. Note that the excita-
tions about ¥ are extended along the BZ edge, consis-
tent with the elongated shape of the dispersion in the
HO phase (Fig. 3). Below Tio, these excitations become
gapped, well-defined, and dispersive (Fig. 8f-h). The gap-
ping occurs at multiple points in the BZ, indeed wherever
magnetic scattering is observed. Nonetheless, the mag-
netic excitations continue to clearly trace the BCT BZ
boundary, as shown in Fig. 8e, showing no evidence of
spatial symmetry breaking. In addition, the separation
between the scattering centered at Z and the trough is
quite marked, again pointing to their disparate natures.
A complete set of 0.2 meV E slices from 2-8 meV is avail-
able in the Supplemental Online Material.

It has been argued that the gapping of the paramag-
netic excitations in the vicinity of ¥ by the HO transition
can account for the entropy change at Txo [30]. Although
excitations in the a-c plane appear localized about X, this
model does not take into account the magnetic in-plane
excitations away from ¥. Our data show that the mag-
netic dispersion evolves from overdamped fluctuations
across the BZ, which means that many more magnetic
states are gapped by the HO transition. Although the
gapping of the magnetic excitation spectrum remains the
most likely explanation for the entropy change at Tyo,
a complete accounting awaits the detailed temperature
dependence of the entire magnetic dispersion, requiring
precise measurements across reciprocal space.

Phonons

The crystal lattice plays a seemingly passive role, show-
ing no signs of broken symmetry in the HO phase [17].
Meanwhile, the excitation spectrum of the crystal lattice
is poorly characterized beyond small (). The energies
of Raman-active optic phonons show minimal tempera-
ture dependence but signs of low-temperature electron-
phonon coupling [42, 43]. Ultrasound studies, which
probe the very low-FE acoustic phonons, show tendencies
toward symmetry-breaking: softening is observed in a
volume-conserving, symmetry-breaking mode below 70 K

[41], and this softening disappears when high field desta-
bilizes the HO phase [44]. There is also an increase in
thermal conductivity at Tio [45] that has been argued
to arise from the electrostatic coupling of the HO param-
eter to the lattice [46]. Such coupling suggests that the
phonons might display the in-plane magnetic and elec-
tronic anisotropy inferred from recent torque magnetom-
etry [19] and cyclotron resonance measurements [47].

An evaluation of the low-energy phonon dispersions
(Fig. 9) yields no signs of broken symmetry. Phonons
propagating in the basal-plane can have longitudinal and
transverse in-plane polarizations, denoted a; and as. For
phonons propagating along the c-axis, the two transverse
a polarizations are degenerate by tetragonal symmetry:
note the transverse acoustic TA and transverse optic TO;
phonons. Any lifting of this degeneracy due to dynamic
symmetry breaking, say towards an orthorhombic distor-
tion, is not observed. Born-von Karman force-constant
modeling can reproduce the acoustic modes using a sim-
plified BCT crystal consisting of only one uranium atom
and 5 force constants. The success of this simple model
implies that unconventional electronic or magnetic cou-
pling are not required to explain the curvature of the
acoustic dispersions, and based upon the model we con-
servatively interpolate the Z-X acoustic modes, which
were not experimentally observed (Fig. 1). It is also
worth noting that there is no obvious anomalous behavior
in the acoustic modes that might suggest strong magneto-
elastic coupling.

The lowest-energy optic O; phonons intersect the zone
center I' at 14 meV, corresponding to the a-polarized
infrared-active mode [4]. Of particular note is the direc-
tional sensitivity of longitudinally-polarized optic LO;
modes, which is readily apparent via a comparison of
the two high-symmetry basal-plane directions I'-Y and
I'-X that are rotated with respect to each other by 45°
(Fig. 9). The upward-dispersing I'-X branch was origi-
nally difficult to identify in neutron scattering measure-
ments, and was confirmed across several BZs via inelastic
x-ray scattering (Fig. 10) that is sensitive to lattice, but
not magnetic, excitations. Although it disperses strongly,
the LO; mode lacks any notable temperature or pressure
dependence, indicating that it does not play an impor-
tant role in the development of electronic correlations or
the ordered phases. A similar steep dispersion is observed
in UO2 [48], which results from the large mass ratios of
the constituent elements.

At slightly higher energies, the Oy phonons include
the Raman-active 20 meV excitation with B4, symmetry
[42]. From the literature, other known phonon modes at
I’ are IR-active at 42.4 meV (a-polarized) and 47 meV
(c-polarized) [4] and Raman-active at 55 meV (Aqy c-
polarized) [42]. The broad E range and well-separated
phonon dispersions are attributable to the significant
mass differences between Si, Ru, and U atoms. Although
our measured phonon dispersions cover approximately
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FIG. 8. Magnetic excitation spectrum above and below Tho as measured by time-of-flight neutron scattering. At 25 K, a)
shows the intensity of excitations in the basal plane, integrated from 2-8 meV. The magnetic excitations trace the reciprocal
lattice boundaries, overlaid in white. b-d) Energy dependence of magnetic excitations along selected cuts in the basal plane,
with the constant QQ-vector noted in the figure and intensity integrated over £0.05 r.l.u. The magnetic scattering forms vertical
stripes over the 1-9 meV energy range, indicative of overdamping. Specific points in reciprocal space are emphasized in b) X; ¢)
Z,Y; and d) X. e-h) Same as a-d, but at 5 K. In the HO phase, the magnetic excitations are gapped and dispersive (compare
to Fig. 2), but they respect the high-temperature BCT symmetry. Intensity diminishes at larger @ due to the magnetic form
factor. The magnetic dispersion in the HO phase is traced in orange. Intense excitations emanating from (2,0,0) and (0,2,0)
are phonons. Intense blobs at 1.5 meV are due to scattering from the sample holder.

half of the known FE range of lattice excitations, the low-
FE states are much more important to the thermodynamic
and bulk properties of URu,Siy because, obeying Bose-
Einstein statistics, they are highly populated at low tem-
peratures. We also point out that these phonon disper-
sions can be readily calculated from first-principles elec-
tronic structures and provide an important benchmark
against which to compare new and existing calculations.

Temperature dependence

Although the superficial temperature dependence of
the phonons (Fig. 9) is weak, notable details highlight
important electronic interactions, particulary among the
c-polarized phonons. First, LO phonon softening along
I’-Z is absent at 300 K, in contrast to the typical high-
temperature phonon softening that arises due to thermal
expansion. In the HO phase, in both the c-polarized LO;
and LOs modes along I'-Z, there is a shallow minimum
20-30% away from I'. These features contrast with the
relatively flat TO; dispersion at the same temperature.
This low-temperature phonon softening at localized ¢ is
a sign of electronic interactions and it is compelling that

at least 2 optic modes having different symmetries are
affected at the same ¢. In analogy to the classic case
of chromium [49], this phonon softening could be associ-
ated with the opening of an energy gap in the electronic
DOS, as observed in IR [4] and tunneling spectroscopy
measurements [6].

Along the same phonon polarization branch, the LO;
modes along I'-¥ exhibit an extreme temperature de-
pendence. The TO; c-polarized mode is much softer
at 300 K than at 2.6 K (Fig. 9). This high tempera-
ture softening results in the inversion of the TO; mode
with respect to the LO; mode along I'-¥. This sug-
gests that temperature-dependent electron-phonon inter-
actions preferentially play out along the I'-¥ direction.
It may be significant that softening occurs over a broad
range of I'-Y wavevectors, differing from chromium, in
which phonon softening is found at very specific ¢ related
to the electronic Fermi surface [49].

One case of softening with increasing temperature is
evident near the Z point, which occurs in the a-polarized
TA phonons. At 300 K, these show an E drop before
the zone edge is reached as well as along the zone bound-
ary 3-Z. By 80 K, the dispersion is similar to that ob-
served in the HO phase. The measured difference of
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FIG. 9. Phonon dispersions at different temperatures. The
high-temperature dispersions are largely similar to those in
the HO phase. However, there are some notable exceptions.
A dramatic difference in the 2.6 K data is that the low-lying
c-polarized TO; mode lies at lower E than the LO; mode
along I'Y and lacks the local minimum near I' along the I'-Z
direction. Most features were determined via inelastic neu-
tron scattering, but the LO; I'-X mode was determined at
2.0 GPa using inelastic x-ray scattering.

2 meV represents a large 20 % change. The expected
relative change in E is conventionally related to the rela-
tive change in lattice volume V by %E = —787‘/, where v
is a Griineisen parameter with a value of approximately
2. Between 300 K and 2.6 K, 67‘/ ~ 1073, from which we
would expect a change smaller by 2 orders of magnitude.
This large change hints that there are important changes
in electronic structure near Z already occurring between
80 K and 300 K.
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FIG. 10. Phonon dispersions determined using inelastic x-
ray scattering clearly show the LA and LO; phonons along
the I'-X direction through several Brillouin zones. These dis-
persions are roughly independent of temperature and do not
change with the modest applied pressure of 2.0 GPa that in-
duces long-range AFM order. Lines are guides to the eye.
The inset shows an example scan at constant @, taken at 4 K
and 2 GPa.

Thermodynamics

Knowledge of the thermodynamic properties of the
electronic and magnetic states in URu5Sis is fundamen-
tal to their proper characterization, but has been a chal-
lenge because the phonon contribution is included in spe-
cific heat [1, 2] and DOS measurements [50] and must be
accounted for properly. Our measurement of the low-
FE phonon dispersions allows an accurate determination
of the phonon contribution to the specific heat at low
temperatures, and a confident subtraction from the ex-
perimentally measured specific heat. The result of this
analysis is shown in Fig. 11. In Fig. 11a, the partial DOS
of the acoustic (LA,TA) and optic (LO;,TO;) phonons
is shown, from which the phonon specific heat curve in
Fig. 11b (magenta) is calculated. The data points are
taken from Reference [51]. Figure 1lc shows the sub-
tracted specific heat 6C, divided by temperature, which
is the electronic/magnetic contribution that accounts for
the entropy change due to the HO transition. Calculated
values for an effective electronic specific heat coefficient
7o = 55 mJ mol/K? in the HO phase and 160 mJ mol/K?
above the transition. These values can be interpreted as
indicating a large reduction of the electronic DOS at the
Fermi level [2], or a removal of magnetic states [30]. The
anomaly associated with the HO transition is well de-
scribed by a form 6C o exp (2% ), where E./ks =85 K.

T
This feature is often related to the opening of an energy



gap in the electronic DOS. The energy scale corresponds
to that of the coherence temperature, or about 5 X Txo.
A calculation of the entropy released by the transition,
AS = [dT(% — ), yields 1.1 J/mol K = 0.13 kg /fu,
or only 20% of R1In2 expected from the lifting of degen-
eracy of a localized electronic doublet, which indicates
that itinerant states must be involved in the transition.
These values are in general agreement with early results
[1, 2].

The measured phonon DOS further uncovers some in-
teresting features in the temperature-dependence of the
specific heat. The typical Debye approximation to the
phonon specific heat is inaccurate here because there are
significant deviations of the measured phonon DOS from
the Debye model DOS at low E, and there is no reliable
temperature range over which to fit the low-temperature
approximate form of C = ~T + BT3. There is partic-
ular uncertainty regarding the temperatures above the
HO transition, where the T2 approximation is well out-
side its range of applicability. The properly subtracted
specific heat yields a slightly sublinear specific heat, seen
as C(T)/T) having a negative slope, above the HO tran-
sition, as indicated in Fig. 11c. This behavior can be un-
derstood as the result of a decreasing electronic specific
heat coeflicient due to reduced f-electron hybridization as
temperature increases. This interpretation is consistent
with observation of other hybridization-related phenom-
ena in this temperature range, in particular the closing
of spectroscopic gaps [4, 6] above the HO transition tem-
perature. It is also noteworthy that below 5 K, but above
the superconducting transition, C'(T')/T also has a nega-
tive slope. This effect may be due to the effect of exotic
superconducting fluctuations [52].

Relation to electronic structure

A challenge in the study of URusSis is that fundamen-
tals of the electronic structure, such as the number of
f-electrons on the uranium ions, are still debated. Yet
accurate knowledge of the electronic structure is central
to understanding the phenomenology because bulk prop-
erty and spectroscopic measurements all indicate that the
Fermi surface changes as a function of temperature. A
crucial detail is where in the BZ the Fermi surfaces sit:
of particular historical concern has been the origin of the
gap in the magnetic excitations at ¥, which is often as-
cribed to Fermi surface nesting, and for which potential
nesting vectors have been proposed [18, 22, 53, 54]. There
have been many attempts to reconcile first-principles cal-
culations [22, 55-57] with experimental angle-resolved
photoemission spectrum (ARPES) [18, 25, 55, 58, 59].

The electronic structure near Z has been studied ex-
tensively by ARPES [18, 25, 55, 58-62]. A small hole
pocket is centered on Z with an in-plane Fermi wavevec-
tor kp ~ 0.2 A=! ~ 0.15 rlu. A narrow band with
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FIG. 11. Thermodynamic quantities derived from phonon dis-
persions. a) Density of states (DOS) for acoustic and lowest
band of optic modes. b) Comparison of total experimental
specific heat [51] and calculated phonon contribution. c¢) Dif-
ference of curves in b yields effective electronic and magnetic
contributions to specific heat, shown here divided by temper-
ature. The contribution in the paramagnetic phase actually
decreases with increasing temperature. d) Calculated entropy
in excess of the low-temperature 7o electronic contribution.
The HO transition liberates 1.1 J/mol K, or 20% of RIn 2.

f-character actually sharpens inside this pocket [58], con-
sistent with expectations of d-f hybridization in a peri-
odic Anderson model [55]. In our data, this pocket cov-
ers a small range of ¢ over which anomalous TA phonon
softening is observed near Z between 80 K and 300 K
(Fig. 9), and this range of ¢ corresponds to the limits of
the higher-intensity excitations centered on Z in the HO
phase (Figs. 4,8). A second, larger hole-like pocket is also
centered on Z [25, 55] with kp ~ 0.4 r.l.u. alongI'-Z. Re-
markably, the extent of this pocket is nearly identical to
the trough of inelastic magnetic scattering (Fig. 3), which
forms a ring of overdamped magnetic scattering at high
temperatures (Fig. 8). In contrast, there are no particu-
larly strong signatures localized at these g values in the
phonon dispersions. Rather, the unusual temperature de-
pendence of the optic modes extends along most of I'-%
(Fig. 9). The large extent in reciprocal space may be as-
sociated with a possible third Fermi-level crossing along
I'-Z with even larger kr [25, 55], but the full shape and
extent of an associated pocket is unresolved in ARPES.

At the other high-symmetry points, the presence of
Fermi level crossings is not obvious. We first address
the X point, which harbors well-defined small square
hole-like pockets [55] that have since been attributed
to surface states [63]; soft x-ray ARPES also shows no
intensity at X [25]. This is consistent with our mea-
surements: the phonons do not exhibit any anomalous



temperature dependence at X, and while magnetic ex-
citations in the HO phase are well-defined, they sit at
relatively high F and lack intensity compared to the
excitations at Z and ¥. Meanwhile, the presence of a
pocket at I' is dubious, but less clear. It is not ev-
ident at 20 K in the bulk-sensitive soft x-ray ARPES
[25], but it has been reported in multiple studies based
on less-penetrating lower-energy ARPES measurements.
In contrast to first-principles calculations predicting that
this pocket is electron-like [55, 56] experiments suggest
that it is actually hole-like, with kr ~ 0.2 A=! and an
almost identical dispersion to that of the small pocket
at Z, leading to interpretations of zone-folding [59, 60].
Our inelastic neutron and x-ray data concur with the
bulk-sensitive ARPES; there are no phonon anomalies,
nor are magnetic excitations discernable at these ¢ val-
ues (Fig. 3).

Altogether, the reciprocal-space correspondence be-
tween the magnetic excitations and two well-defined Z-
centered hole pockets is striking (Fig.12). Moreover,
these two pockets can account for the bulk transport
data. The small hole pocket matches the dimensions of
the a pocket measured by quantum oscillations [65] with
an approximate carrier density of 2 x 10%° em ™3, which
agrees well with the effective Hall carrier density in the
HO phase [66]. The bigger pocket, which is not observed
in quantum oscillations [65, 67—70], has a carrier density
of order 10! em™3, which agrees well with the larger
Hall carrier density at high temperatures [71]. The car-
rier density decrease and absence of this larger pocket in
the HO phase suggests that this pocket is gapped by the
transition - hence a magnetic and charge gap open at the
same ¢q. Note also that the Hall data can be ascribed
entirely to two hole pockets without the need to invoke
compensation. Beyond these pockets, quantum oscilla-
tions also detect smaller pockets [65, 70]. Based on the
correspondence between magnetic excitation minima and
the measured Fermi pockets at Z, we place the small g
pockets along I'-X approximately 0.15 r.l.u. away from
X at the magnetic dispersion minimum there (Fig. 12).
This pocket may be responsible for the low-temperature
TO; phonon softening along I'-X (Fig. 9). With an effec-
tive mass of 25 times the bare electron mass, the bands
making up this pocket are very flat and within 1 meV of
the Fermi level, and ARPES may not resolve them.

ARPES further suggests that these pockets all coex-
ist with a narrow f-state that sits just below the Fermi
level [58, 60], which is consistent with the fractional f-
count determined by electron energy loss spectroscopy
[72]. Note that the F'S based on Ref. [25] that matches
our data agrees in detail with neither calculations that
treat the f-electrons as primarily itinerant [22, 56] nor as
localized [57]; the actual electronic state is intermediate.
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FIG. 12. Comparison of the integrated magnetic intensity,
over 2-8 meV, in the HO phase to the Fermi surface. The
magnetic excitations probed by inelastic neutron scattering
appear to track the bulk Fermi surface in the paramagnetic
phase as determined by soft x-ray ARPES (white points with
error bars [25]). This agreement suggests that the magnetic
scattering is due to excitations of the f-electrons into the con-
duction band. A likely location of additional Fermi pockets is
at the dispersion minimum 0.15 r.l.u. away from X (dashed
circles).

Symmetry of the Hidden Order phase

Our data show that inside the HO phase, neither the
lattice nor magnetic excitations show any overt sign of
obeying ST symmetry. This can best be seen in Fig. 3,
in which it is clear that the ST BZ overlaid over the
magnetic dispersions is unrelated to the directionality
of the magnetic dispersion (shown in simplified form in
Fig. 13). Instead, the gapped magnetic excitations in
the HO phase follow the same general shape as the over-
damped modes do at high temperature in the BCT phase
(Fig. 8).

The original reason for invoking ST symmetry in the
HO phase was the inferred small-moment AFM order
[8]. However, this scenario is experimentally discred-
ited [10, 14-16, 73], and numerous studies have failed
to find signs of any other candidate order parameters:
spin density wave [31], charge density wave [7], and an-
tiferroquadrupolar order [74] that could change trans-
lational symmetry. Careful comprehensive studies have
also failed to find evidence for local rotational symme-
try breaking on Ru and Si sites [75]. There are two re-
maining arguments in favor of ST symmetry of the HO
phase. The first argument is that quantum oscillation
frequencies do not change dramatically as pressure tunes
the transition between HO and AFM phases. However,
given the relatively small size of the detected FS cross-



sectional areas, it is likely that no large change would
occur when the BCT BZ is reduced to ST, particularly if
the larger pockets are centered on high-symmetry points
as determined by ARPES (see Fig. 13). The second argu-
ment comes from recent ARPES studies, in which a flat
M-shaped band hybridizes with a light hole-like band at
I' and Z below Tao [59, 60], which is interpreted in the
context of BZ folding. However, no hole-like band is ob-
served at I' in the more bulk-sensitive soft x-ray ARPES
[25], and the possible role of surface states in the ARPES
data still needs to be sorted out.

To contrast the electronic properties in the BCT and
ST symmetries, it is instructive to consider the relation-
ship between the HO and neighboring AFM phases. The
first-order phase boundary separating them as a function
of pressure [13, 73, 77, 78] originates from a significant
reorganization of electronic states between the two. Such
a transition is easier to reconcile with a change from BCT
to ST symmetry between the HO and AFM phases, as
opposed to a change of a complex electronic order pa-
rameter sharing the same spatial symmetry [20, 57]. A
change in lattice symmetry also has important implica-
tions for the magnetic dispersions in the AFM phase,
which should differ greatly from those in the HO phase.
Because of the simple type A AFM structure, magnons
would be expected to emanate from the magnetic re-
ciprocal lattice point at Z, reach a maximum energy at
(0.5,0,0) and disperse downward to I', although the in-
tensity would drop dramatically in the first BZ due to the
AFM structure factor (Fig. 13). Further, the excitation
minimum at ¥ would have to essentially disappear for
the magnetic dispersion to respect mirror symmetry at
the new zone boundary at (0.5,0,0). Indeed, this simple
picture is consistent with the finding that under pressure,
the excitation at ¥ increases to 8 meV, while the gap at Z
closes [79, 80]. Meanwhile, the F'S properties remain rel-
atively similar between the two phases, as the BZ folding
does not change the FS cross-sections (Fig. 13) and the
experimental similarity of the electrical resistivity and
thermodynamic anomalies implies a reduction in charge
carriers in both phases.

The possibility of incommensurate order, in particular
in the context of nested FS pockets, remains a popular
theme. However, compared to archetypes such as the
charge density wave in uranium [81] and the spin density
wave in chromium [49], URu3Siz lacks a crucial charac-
teristic, namely diffraction peaks, in nuclear, magnetic,
or electronic scattering at any known incommensurate
wavevector. Our data further show that there are no clear
anomalies in the lattice or magnetic excitations that sug-
gest an instability towards density-wave order. Positing
an order parameter that does not couple to existing scat-
tering probes circumvents these difficulties, but does not
address the details of the prominent magnetic spectrum.

There have been several reports recently about square
symmetry breaking in the basal plane that might be asso-
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ciated with electronic nematicity [23, 24]. In particular,
torque magnetometry tracks an order-parameter-like sig-
nal with two-fold rotational symmetry, but in small sam-
ples [19]. Recent NMR measurements indicate that this
signal is very small [76]. Cyclotron resonance measure-
ments also suggest that there is basal-plane anisotropy
in the electronic structure [47]. These findings are gener-
ally consistent with original identification via ultrasound
of a softening in the I's mode below the coherence tem-
perature [41]. The tendency towards orthorhombic dis-
tortion appears to be an underlying feature of the cor-
related paramagnetic phase that likely derives from the
directionality of the constituent f-states. Its absence in
high magnetic fields upon entry in to the polarized Fermi
liquid phase [44] indicates that the existence of the HO
phase relies on the electron correlations that set in at
much higher temperatures. A structural or magnetic or-
thorhombic distortion would split the volume-averaged
lattice or magnetic excitations, but this is not observed,
which means that any associated E and ¢ scales are
rather small.

It should also be noted that the tendency towards AFM
upon suppression of HO is not universal [82, 83]. Upon
Re substitution, Tyo is suppressed [84], and beyond a
critical concentration, ferromagnetic (FM) order emerges
[61]. The electrons remain correlated and appear to defy
Fermi liquid theory [85, 86], further manifested as un-
conventional magnetic critical scaling near the quantum
transition separating the HO and FM phases [87]. Recent
inelastic neutron scattering measurements show that the
HO transitions towards FM order gradually: the excita-
tions at X persist, while those at Z are weakened [34].
This proximate instability of the correlated state to FM
order highlights that there are incipient Q = 0 correla-
tions in URu»Sis as well.

Instability of the correlated state

In URu5Sis, electronic correlations are already evident
at 300 K. The bulk magnetic susceptibility and electri-
cal resistivity are noticeably directional, with an Ising
anisotropy inherited from the uranium f-states. The
basal-plane electrical resistivity has a negative temper-
ature derivative between 80 K and at least 1,200 K [71],
meaning that anomalous scattering exists over a very
large temperature range. Down to temperatures of ap-
proximately 100 K, the easy-axis magnetic susceptibil-
ity is well-described by a Curie-Weiss law that reflects a
full free-ion, weakly correlated uranium moment. Within
the context of a single-ion Kondo scattering mechanism,
wherein the uranium ions do not interact strongly with
each other, this implies a very large Kondo temperature
Tk > 350 K [71]. At the Fermi level, single-ion Kondo
hybridization introduces a broad resonance of width ~
30 meV. As the correlations strengthen slowly upon cool-
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FIG. 13. Schematic comparison of HO/BCT and AFM/ST
symmetries. a) The magnetic excitations in the HO phase
(orange) do not observe the mirror symmetry required by the
ST BZ boundaries (vertical dashed lines), whereas the AFM
excitations (purple) should; these curves are based upon lim-
ited data under pressure [79, 80]. b) Comparison of the FS
pockets in the BCT (orange) and ST (orange+purple) lattices
in the basal plane. In the latter, the I' and Z points become
equivalent, changing the BZ boundaries from light gray to
black. Considering the FS pocket assignments described in
the text, the zone folding does not change the extremal cross-
sections. The dashed FS pocket is gapped in the HO phase
and presumably in the AFM phase.

ing, inter-ion effects strengthen and the Kondo resonance
starts to form into a coherent band, but this occurs over
a broad temperature range. The overdamped magnetic
excitations detected in our study reveal that these corre-
lations are strongest in well-defined parts of the BZ, trac-
ing the FS contours detected by bulk-sensitive ARPES.
In addition, ARPES confirms flat bands that are broad
and incoherent in the vicinity of strongly dispersing d-
states [58]. The overlap of the magnetic excitations and
the F'S pockets is highly unusual, and suggests that these
magnetic excitations are signatures of the coupling of the
hybridized f-state to the itinerant d-bands.

Only near 30 K, energy gaps are detected in point-
contact spectroscopy (12 meV) [6], optical conductiv-
ity (10 meV) [4], photoinduced reflectivity [88], and nu-
clear magnetic resonance [89]. The multiple F'S pock-
ets of URuySiy can in principle support two energy gaps
with different temperature evolution, and our study pro-
vides clues regarding how this occurs. Because the en-
ergy gap opening at Tyo affects the large Z-centered
hole pocket (as discussed above, refer to Fig. 13), the
30 K gap involves other itinerant electrons, namely the
small FS pockets along I'-X (Fig. 12), which have the
heaviest measured mass at low temperatures. The high-
temperature coherence energy scale and the 10 meV en-
ergy gaps, which are comparable to the magnetic excita-
tion energy near X, are characteristics of the hybridiza-
tion involving these small pockets. Since the FS pocket
survives to low temperatures to be detected by quantum
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oscillations, the hybridization gap must sit at energies
above the Fermi level. Thus, the measured magnetic form
factor anisotropy in the HO phase (Fig. 6) ultimately re-
flects anisotropic f-d hybridization potentials.

Hybridization is only complete in the HO phase. The
magnetic excitations that track the electron correlations
evolve from being overdamped in F and confined in ¢ to
well-defined in E and dispersing in ¢ in the HO phase,
yet they still trace the paramagnetic Fermi surface. The
appearance of gaps in the magnetic excitations signals an
additional, abrupt change at Tyo in the electron correla-
tions associated with the large Z-centered hole pocket
(Fig. 13). Their presence accounts for the large en-
tropy difference between the HO and high-temperature
phases [30], the large reduction in quasiparticle scattering
[46, 58], and the reduction in carrier concentration. This
situation contrasts markedly with the case of nested FS
sheets experiencing spin density wave order, which results
in magnetic diffraction and sharply dispersive excitations
localized in ¢ [90], even when the transition is suppressed
[91]. The end result of the electronic reconstruction is
that the small Z-centered FS pocket survives to domi-
nate the electronic properties. Presumably, these carri-
ers are finally responsible for superconductivity, which
could explain why that phase does not coexist with the
pressure-induced AFM phase [13].

How does the HO transition open additional energy
gaps in the correlated electronic state? Our study clearly
shows that there is no BCT symmetry-breaking involved
in the HO phase transition, so BZ folding is not a mech-
anism that can be invoked; in fact, given the FS pocket
locations, reduction to ST symmetry does not seem ca-
pable of gapping the FS either (Fig. 13). There is a large
uranium f-state degeneracy - no experimental evidence
shows that it is lifted appreciably by crystalline electric
field effects - and Kondo hybridization introduces a large
electronic DOS near the Fermi level. However, hybridiza-
tion gaps open anisotropically: one at high temperature
has the gentle temperature-dependence expected, but a
second gap opens at the well-defined Tyo. This suggests
that the hybridization of the correlated state changes in
the HO phase, tracking an order parameter. To maintain
BCT symmetry, any order parameter involving f-states
has to resemble ferro-multipolar () = 0 order because
there is only one uranium atom per unit cell. It is tempt-
ing to label such a transition in terms of orbital ordering,
but a full description must take into account the many-
body nature of the renormalized f-state at low tempera-
tures. The itineracy of this state explains the unusually
low entropy associated with the transition itself (Fig. 11),
and lies at the heart of what makes the phenomenology of
URusSis so unique. The HO transition facilitates a sec-
ond hybridization of an already-hybridized band. Unlike
the many examples of magnetic order in heavy fermion
materials, HO is a nonmagnetic order that breaks the
heavy fermion state.



Conclusion

We have shown that the magnetic and lattice exci-
tations in URusSip obey the high-temperature body-
centered tetragonal symmetry in the Hidden Order
phase. The anisotropy of the magnetic form factor and
the temperature-dependence of the magnetic excitations
suggest that electron correlations in this material follow a
two-step hybridization process, one with gradual temper-
ature dependence, and the other that turns on at Tyo,
which appear to arise from different parts of the Bril-
louin zone. The magnetic excitations also exhibit a strik-
ing resemblance to the ARPES-determined Fermi sur-
face, which underscores their identification with strong
electron correlations, rather than elementary excitations
due to long-range magnetic order or some kind of density
wave order. Both of these are excluded from considera-
tion due to a lack of elastic scattering, as well as no indi-
cation of mode softening in the inelastic scattering. The
lack of evidence for simple tetragonal symmetry further
excludes localized antiferromultipolar order, in favor of a
ferro-type order parameter, although we suggest that a
full theoretical description will require properly account-
ing for the many-body nature of the hybridized state.
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